ABSTRACT: Confocal laser scanning rnicroscopy (CLSM) was used to examine living organisms within marine biofilms growing on microscope slides and on natural opaque and uneven substrata such as rocks and shells. The results were compared to images of identical fields observed under transmitted llght and phase contrast microscopy and scanning electron microscopy. Confocal microscopy proved superior in sevcrdl respects: ( l ) It gave clear images of organisms even if they were overlaid with a thick layer of mucus, other organlsms and debr~s. (2) It did not require the biofilm to be disrupted or dned and allowed samples to be re-examined at intervals. (3) It could also distinguish living (fluorescing) organisms from dead cells or inorganic matter. (4) Examining optical 'slices' of samples allowed the 3 dimensional structure of the biofdm to be v~sualised. However, species identification, particularly of diatoms, was much easier using scanning electron microscopy. Methods were developed for overlaying a fixed grid on samples so that specific sites or individual organisms could be accurately relocated for re-examination. Appropriate staining methods were also evaluated. Confocal microscopy will prove to b e a n invaluable aid for examining the structure and growth of living biofilrns in studies of shore ecology and marine fouling.
varying seasonally and in different habitats (Underwood 1984 , Hill & Hawkins 1991 , Anderson 1995 . The organisms may be very abundant; estimates of 3 X 107 bacteria (Hendy 1951) and 2.7 x 105 diatoms cm-2 (Edyvean & Moss 1986) have been made for marine biofilms.
These films may be up to 2 mm thick (Callow & Edyvean 1990) although in turbulent water they rarely exceed 1 mm and are usually much thinner (Wimpenny & Peters 1987) . In the sea biofilms dominate the r o c k h a t e r interface, contributing to primary productivity and nutrient cycling (Workman 1983 , Bustamante et al. 1995 . They also influence the settlement of the larvae of sessile invertebrates (Holmstroem et al. 1992 , Tritar et al. 1992 , Wieczorek et al. 1996 and the ability of rock dwellers such as seaweeds and barnacles to adhere (Norton 1983 , Neal & Yule 1994 (Callow & Edyvean 1990 ) and can greatly increase skin friction, reducing the speed of ships by Biofilms cover most hard objects in aquatic habitats.
up to 15% (Lewthwaite et al. 1985) . They also encourThey consist largely of water (70 to 95% of the fresh age fouling by larger organisms (Wahl 1989 ). weight) held by highly hydrated extracellular polySurprisingly little is known about the distribution of mers (Wahl 1989 , Flemming 1993 (Jones 1974 , Becker et al. 1997 ), but the images may be confused by fluorescing organisms which are beyond the focal plane of interest (Shotton 1989 Thompson et al. 1996) . This technique can only be used to examine the film's surface, however, since underlying layers become obscured. In additition, preparation for SEM kills the constituent organisms and shrivels the film, destroying its structure and possibly exaggerating the relative abundance of diatoms whose silica frustules are unaffected by drying (MacLulich 1986 , Thompson et al. 1996 . Confocal laser scanning microscopy (CLSM) has been developed during the last decade. This technique offers a capability for direct non-invasive optical sectioning of living material and provides images which are free from out of focus blur (see Shotton 1989 for review). CLSM has successfully been used to examine different layers within cultured bacterial biofilms (Lawrence et al. 1991 , Caldwell et al. 1992 ) and more recently to visualise hydrated marine biofilms (Nagarkar & Williams 1997). Our paper assesses the utility of confocal microscopy for viewing living mixed species marine biofilms and compares the results obtained with those from light microscopy and SEM.
Materials and methods. Materials: Marine biofilms were cultured on glass microscope slides placed on perspex slide racks in either a marine aquarium or the brackish waters (mean salinity 28.7 %o) of Princes Dock, Liverpool, UK, at a depth of 0.3 m. Slides were removed randomly at intervals, rinsed in seawater and stored in glutaraldehyde (5 % in filtered seawater). Natural substrata (rock chips, mussel and limpet shells) were collected from the intertidal zone at Port St. Mary, Isle of Man, UK.
Staining: As CLSM only images fluorescing bodies, stains were used to induce fluorescence in other parts of the cell in a colour contrasting with the natural red fluorescence of the chloroplasts. After testing several stains, we found that the best results were obtained from films stained for 1 h in sodium fluorescein (a 0.3% solution made up in filtered seawater) which fluoresces green, and in acridine orange. Other stains that proved useful were fluorescein isothiocyanate (FITC) which binds to amino groups of protein and gives a strong green fluorescence that does not mask the autofluorescence of the chloroplasts (Sherr & Sherr 1983) . FITC-labelled concanavah-A was used to stain limpet mucus as the lectin concanavalin-A binds to mucoPolysaccharides (specifically to -glucopyranosyl residues and -manopyranosyl residues].
Confocal laser scanning microscopy: Specimens were viewed using a Biorad 600 CLSM. A X l0 0.5 NA lens was used with air as the visualising medium, or a x60 1.4 NA lens with water as a visualising medium. Simultaneous phase contrast examinations were also made, using the second channel of the CLSM. Slides immersed in the dock for 45 d were used to compare CLSM, phase contrast and SEM images, as by this time several welldeveloped layers of organisms were present.
Self-registration: In order to examine the same specimens under SEM, and for repeated viewing under the confocal microscope, a method of self-registration was required so that specific areas could be relocated. Transmission electron microscopy grids were used as these were visible under both SEM and CLSM. Prior to staining, 300 pm mesh size copper grids were glued to the surface of the slides or natural substrata with epoxy resin and allowed to dry. The grids, being small (3.05 mm in diameter), lay close to the specimen surface and when anchored with epoxy resin adhered securely even after SEM preparation.
Precisely registered areas were obtained by means of co-ordinates on plans of the grid and by using distinctive features on the confocal pictures themselves. The use of a superimposed grid allowed identical locations on a sample to be readily refound for repeated examination, even after the specimen had been removed from the microscope and prepared for SEM as detailed below. Multiple images per grid and per specimen were photographed or stored digitally.
Scanning electron microscopy: Specimens were prepared using a method of freeze dehydration (Veltkamp et al. 1994 ) and viewed in a Philips XL 30 SEM at accelerating voltages of 10 to 15 kV.
Results. By focusing at different depths within a biofilm, CLSM provided optical slices from within the film without-disturbing the overlying mucus. For images taken at depth intervals of 10 pm, each image was distinctly different from the others and was not obscured by the layers of cells above (Fig. la-c) . At comparable depths within the film, phase contrast produced a very poor image and the desiccation required for SEM collapsed the structure of the film.
The registration grid enabled us to compare the images obtained with CLSM with views of identical fields taken with phase contrast and SEM. Over 30 sets of such tnple images were captured. The pictures obtained by the 3 methods varied considerably (e.g. Fig. 2a-c) . Although some organisms are visible in all 3 images, others seen under both phase contrast and SEM (arrowed) were invisible under CLSM. As CLSM only registers fluorescence, non-living debris and empty diatom frustules (which do not fluoresce) were effectively 'erased', but a cyanobacterial strand previously obscured was now apparent.
Comparisons of the same flelds under SEM and CLSM clearly demonstrate the ability of the latter to 'clean up' the image (Fig. 3a, b) . The image under SEM is festooned by strands and patches of dried mucus which obscure the underlying organisms, whereas under CLSM the hydrated mucus is invisible. In each picture a corner of the registration grid is visible. FITClabelled concanavalin enabled visualisation of the 3 dimensional structure of the mucus trail left by a limpet when crawling across a 4 wk old biofilm cultured on a glass microscope slide (Fig. 4a, h) .
Confocal microscopy produced images adequate to allow the identification of some micro-organisms to at least generic level (Figs. 5 & 6) . The best images for the purpose of identification were often obtained using conlputer software to combine images from confocal and light microscopy ( Fig. 5c ), but for counting cells, CLSM was far superior (Fig. 5b) . The distinctive shape of the plastids of some diatoms was much clearer under CLSM than transmitted light (Fig. 6a, b) .
Discussion and conclusions. Marine biofilms were considered a good test of the confocal laser scanning microscope as they contain layers of a variety of organisms including solitary and colonial diatoms, cyanobacterial filaments, and debris. Where the film was very thin and there was no superficial mucilage cover, it was possible to identify some of the organisms with SEM. As SEM views the surfaces of objects, the silicon frustules of diatoms lying on top of the film were clearly visualised, but beneath mucilage little could be distinguished. Under CLSM, however, the entire depth of biofilms 90 pm thick could be readily visualised as there was no masking of the organisms. Even thicker films containing additional layers of cells should not provide an obstacle, as CLSM can resolve images over 100 pm within solid bone (Howard et al. 1985) . One problem in the present study was that on rugose surfaces it was not possible to determine whether dark patches in the CLSM images represented holes in the film itself or areas in which features of surface relief protruded into the film. This difficulty could be resolved using fluorescence exclusion microscopy to stain gaps between cells rather than to stain the cells themselves (see Caldwell et al. 1992) .
CLSM registers only fluorescing bodies such as chloroplasts, but the use of contrasting stains increased the range of fluorescing structures within the cells without masking the autofluorescence of the plastids. In addition, FITC-labelled concanavalin-A was used successfully to stain and hence visualise limpet trails under CLSM. This technique may enable us to assess the extent of limpet trails and to estimate their contribution to biofilms on the shore.
An advantage of CLSM is that it provides bright, distinct images of chloroplasts, making algal cells much easier to count than under other types of microscopy. It also means that dead cells and empty diatom frustules do not register at all so that only living cells are counted. The pigments of some microbial groups differ, for example chlorophyll a and c in diatoms and phycoerythrin in cyanobacteria and cryptophytes. Consequently, the use of filters may allow the distinctive fluorescence of these groups to be readily distinguished for rapid survey purposes.
Some organisms were, however, difficult to identify under CLSM. In marine biofilms diatoms and cyanobacteria predominate (Hill & Hawkins 1991, Nagarkar & Williams 1997). The cyanobacteria, which are a notoriously 'difficult' group, disperse their pigments throughout the cytoplasm so that the shape of the cells was clearly visible under CLSM. Hence the chances of identification depend on the relative distinctiveness of cell shape in different species. For diatoms, features of their outer silica frustule are the most widely used taxonomic character for their identification, and the frustule did not fluoresce with any of the stains we used. This made some diatoms difficult to identify although the ability of the confocal microscope to switch to phase contrast sometimes overcame this problem. However, discrete plastids give a distinctive fluorescent signal, and many genera and some species of diatoms have plastids that are characteristic in their shape, number and position within the cell (Cox 1980 (Cox , 1996 and should therefore be identifiable under CLSM. In general, where more traditional techniques such as SEM can visualise the cells they are more useful than CLSM for the identification of species and, as Nagarkar & Williams (1997) state, for recording species richness.
By retrieving glass slides from seawater at intervals, we acquired films at different stages in their development. After 11 d the mucus film was 71.2 ? 16.2 pm (mean * SD, n = 5) thick and contained several layers of organisms. Focusing on the top then the base of the film using CLSM proved to be a simple and precise method of measuring the increasing thickness of the film.
CLSM is an excellent method for visualising living marine biofilms on natural substrata, even those with uneven microtopography. The principal benefit of the technique is the ability to view living material through thick hydrated mucilage without disturbing overlying layers, and to examine the organisms inhabiting different layers within the film. Laser-mediated optical sections of intact live preparations were made, and with appropriate software they could be reconstructed into a computer digitised image that could be viewed from any orientation (e.g. Wilson 1990 , Lichtman 1994 . This combination of techniques would enable the 3 dimensional architecture of marine biofilms and the interrelations between the c0nstituen.t organisms to be studied. It should also be possible to monitor the growth and development of individual organisms and whole communities within the film over time.
